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ABSTRACT

Purpose: Generating big-data is becoming imperative with the advent of machine learning. RIN-Neuroimaging
Network addresses this need by developing harmonized protocols for multisite studies to identify quantitative
MRI (qMRI) biomarkers for neurological diseases. In this context, image quality control (QC) is essential. Here,
we present methods and results of how the RIN performs intra- and inter-site reproducibility of geometrical and
image contrast parameters, demonstrating the relevance of such QC practice.

Methods: American College of Radiology (ACR) large and small phantoms were selected. Eighteen sites were
equipped with a 3T scanner that differed by vendor, hardware/software versions, and receiver coils. The stan-
dard ACR protocol was optimized (in-plane voxel, post-processing filters, receiver bandwidth) and repeated
monthly. Uniformity, ghosting, geometric accuracy, ellipse’s ratio, slice thickness, and high-contrast detect-
ability tests were performed using an automatic QC script.

Results: Measures were mostly within the ACR tolerance ranges for both T1- and T2-weighted acquisitions, for all
scanners, regardless of vendor, coil, and signal transmission chain type. All measurements showed good repro-
ducibility over time. Uniformity and slice thickness failed at some sites. Scanners that upgraded the signal
transmission chain showed a decrease in geometric distortion along the slice encoding direction. Inter-vendor
differences were observed in uniformity and geometric measurements along the slice encoding direction (i.e.
ellipse’s ratio).

Conclusions: Use of the ACR phantoms highlighted issues that triggered interventions to correct performance at
some sites and to improve the longitudinal stability of the scanners. This is relevant for establishing precision

levels for future multisite studies of gMRI biomarkers.

Introduction

The identification of early quantitative magnetic resonance imaging
(QMRI) biomarkers is becoming a primary target for the diagnosis,
prognosis, and understanding of mechanisms underlying neurological
diseases. The main advantage of qMRI is the objectivity of the measures,
unlike the classic approach based only on observation. Quantitative MRI
- if clinically adopted - could indeed produce numerical features able to
objectify and support the diagnostic and prognostic process.

In this context, “Big Data” collection has become the new frontier of
innovation [1,2] because analysis of large amounts of data is fundamental
to enhance the efficiency, quality, and prediction power of biomarkers
based on qMRI [3,4]. In addition, the aggregation of different types of
data, i.e. radiological, genetic, histopathological, and neurological, is
paving the way for using advanced machine learning or deep learning
techniques to stratify the population into classes not otherwise identifi-
able through a classical clinically-driven approach [3,5-8]. To this aim,
in the last few years several neuroimaging networks [ESR/EIBALL
(https://www.myesr.org/research/europeanimaging-biomarkers-allian
ce-eiball), Quantitative Imaging Biomarkers Alliance (QIBA) (https:
//www.rsna.org/research/quantitative-imaging-biomarkers-alliance)],
composed of numerous sites around the world, have been created to
define optimized protocols, collect and share big data [9-11]. Moreover,
MRI has seen significant technological advances in both hardware and
software [9,12], such as the introduction of digital transceivers in place of
analog ones, new acquisition pulse sequences, and methods for image
reconstruction [12,13] to accelerate data collection of MRI exams and
improve quality, both in the clinical and research settings. It is to note,
however, that these developments have contributed to promote a
considerable heterogeneity among scanners, beyond the inter-vendor
differences already present.

In the context of multisite projects for the collection of “Big data”, the
process of quality control (QC) becomes fundamental to assess the ho-
mogeneity and reproducibility of defined measures across all the scan-
ners belonging to the same network [2,14]. Phantom-based QC methods
allow the evaluation of the performance of different MRI scanners by
comparing quantitative measures estimated from acquired images of ad-
hoc phantoms with standardly defined tolerance ranges [9,15-19]. It is
therefore possible to establish the accuracy and stability over time of the
measures of interest in order to share data among sites of the network.

One of the most used phantoms for QC is the American College of
Radiology (ACR) one, which has been designed and developed as part of
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the American College of Radiology accreditation program [18,20] for
the assessment of image quality through geometric, contrast, and image
intensity uniformity measurements. This phantom has been used in
several multisite studies, which have demonstrated its effectiveness in
assessing and monitoring image quality over time [21-23]. Previous
multisite studies have reported that, generally, imaging metrics
measured quantitatively fell within the ACR acceptance levels [21-24]
with small to moderate intra- and inter-scanner variations, as gauged
with the coefficient of variation, from 1 % up to 10 % depending on the
metric [23,24]. However, it is important to report that software or
hardware updates performed during an ACR longitudinal assessment
can result in higher intra-scanner coefficients of variation in signal-to-
noise ratio (SNR) (i.e. upgrade should reduce the intra-scanner coeffi-
cient of variation), underlying the importance of analyzing image
quality over time [23].

The RIN - Neuroimaging Network (https://www.reteneuroscienze.it/e
n/progetti/neuroimaging/) is a national consortium that was born with
the support of the Italian Ministry of Health to develop guidelines for the
acquisition, processing, collecting, and sharing of large-scale multi-
modal gMRI data on healthy participants, patients, and animal models.
The RIN - Neuroimaging Network is currently composed of twenty-three
IRCCS Institutes distributed throughout Italy, which have been
included based on their equipment and expertise. These can essentially
be summarized as having a high field scanner (3T) or an ultra-high-field
scanner (7T) for clinical or preclinical research, or known expertise in
MRI data analysis and infrastructure management. Since the over-
arching goal of this network is to harmonize MRI protocols for trans-
lating them to the clinical setting, multiple tasks, exploiting both the
technical and clinical skills of each site, have been proposed [25]. To
achieve this challenging goal, the RIN - Neuroimaging Network also le-
verages high-level IT infrastructures such as NeuGRID [26], ARIANNA
[27], and MIP (Medical Informatic Platform) [6].

One of the main goals of the RIN - Neuroimaging Network is to develop
and share common MRI acquisition protocols and processing pipelines
in the vision of future multisite clinical studies. In this context, the
present work aimed to: 1) implement a QC routine across sites; 2)
implement and optimize the acquisition protocol at each site, also
creating an automatic analysis pipeline; 3) evaluate the accuracy and
reproducibility of geometrical, contrast and uniformity measures across
sites and vendors; 4) evaluate the stability over time of the obtained
measures; 5) quantify the impact of a scanner upgrade on measures
derived from the same phantom images following significant
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technological advances.
Materials and methods
IRCCS sites

The RIN - Neuroimaging Network is composed of twenty-three IRCCS
institutes distributed across the entire Italian territory. Eighteen of these
IRCCS were suitable to be included in this work because they have a 3T
scanner from different vendors, i.e. vendor 1 (V1, 9 scanners), vendor 2
(V2, 7 scanners), and vendor 3 (V3, 3 scanners). Site15 used 2 scanners,
one V1 and one V2. Further details of the scanner, software, and head-
coil used at each site are reported in Table 1.

Phantom and acquisition protocol

The ACR phantom was used since it is a short cylinder of acrylic
plastic filled with a solution of nickel chloride and sodium chloride,
containing several structures specially designed to facilitate a variety of
tests of scanner performance. Two sizes are available and can be chosen
according to the receiver head-coil dimensions at each site: the ACR-
large or ACR-small [18,20].

ACR phantom images started to be acquired and analyzed monthly
from February 2018, at all sites. Starting from the standardized ACR
protocol [18,20] that includes localizer, T1w, and T2w images, the
acquisition protocol was adapted and implemented at three sites (Site3
for V1, Site10 for V2, and Site17 for V3), one for each manufacturer, and
distributed to the remaining sites. The protocol was modified as reported
in the manual (https://zenodo.org/record/6320896), where particular
attention has been paid to phantom setup and positioning. Briefly, for all
sequences, post-processing filters were disabled and receiver bandwidth
was set at 250 + 20 Hz/px. Due to differences in scanner features, it was
not possible to fix the echo time (TE) for the T2w images, thus TE values
varied between 79 ms and 81 ms between sites. A further change to the
suggested ACR protocol was implemented for sites with the ACR-small,
where the acquisition matrix was modified (192 x 192 instead of 192 x

Table 1
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152) to obtain an in-plane isotropic voxel with a resolution of 0.625 mm
(Supplementary Table 1).

ACR analysis

An automatic quality assurance pipeline was implemented by
adapting the open-source automatic quality assurance (OSAQA) Matlab
scripts available at http://jidisun.wix.com/osaga-project [28].

First, all OSAQA Matlab scripts were converted and rewritten for the
analysis of the ACR-small images, as the OSAQA scripts were specifically
developed for analyzing the ACR-large images (i.e. all geometrical pa-
rameters had to be updated). Then, a change was implemented to allow
the appropriate range of TE values (79 and 81 ms) for T2w images.
Finally, the image thresholding routine implemented in the OSAQA
scripts to assess geometrical accuracy was modified to avoid that
background noise at the edges of the field of view compromised the
results.

Five quality assurance tests from the ACR standard protocol were
chosen to be performed both on T1w and T2w images, and standard ACR
tolerance ranges were considered for comparison [18,20]: (1) geometric
accuracy, which assesses the accuracy of the length measurement of
several structures of the phantom [diameter in x-axis, right-left (RL); in
y-axis, anterior-posterior (AP); diagonal with negative gradient (NG);
diagonal with positive gradient (PG)]; (2) slice thickness, which evalu-
ates the accuracy of slice selection; (3) high-contrast spatial resolution,
which evaluates whether close individual bright dots can be resolved,
(4) image intensity uniformity, and (5) ghost quantification test, which
are both assessing image quality properties important for gMRI metrics.

A further test was implemented to evaluate geometrical distortions
along the slice encoding direction. In detail, the test calculates the ratio
between the area of the phantom in the slices used for geometric testing
(first and third slices for ACR-small, first and fifth for ACR-large),
approximating the phantom section to an ellipse, i.e. area =
7-axis; -axisy. This test was considered passed if the ellipse ratio was
unitary, with a tolerance range set to + 0.02. To identify the extreme
acceptable values for ACR-large, the maximum acceptable length (192

Description of scanner and equipment for each site of RIN — Neuroimaging Network. The symbol “—” year of installation“ column indicates the scanners whose
hardware was updated since the beginning of the project. Abbreviations: IRCCS = Scientific Institutes of Hospitalization and Care; T = tesla; ch = channels. (*) This

scanner is a PET-MRI. (**) 25 ACR small scans were acquired at 1.5 T.

Site Field (T) Vendor Transmission chain Year of installation Head coil ACR type # acquisitions (neuGRID) # included scans
Sitel 3T V1 digital 2009 32ch Large 38 32
Site2 3T V1 digital 2009 32ch Large 17 15
Site3 3T V1 upgrade analog/digital 2009 — 2020 32ch Large 32 32
Small 29 29
Site4 3T V1 upgrade analog/digital 2011 — 2020 32 ch Large 40 35
Site5 3T V1 upgrade analog/digital 2009 — 2018 32ch Large 43 32
Site6 3T \21 digital 2017 32ch Large 15 12
Site7 3T V1 digital 2016 32ch Large 1 0
3T Small 3 0
Site8 3T V1 digital 2016 32ch Large 47 35
Site9 3T V2 analog 2009 8 ch Large 10 8
Site10 3T V2 analog 2012 32ch Small 40 37
Sitel1 3T V2 digital 2011 32ch Small 27 17
Site12 3T V2 digital 2017 20 ch Large 36 28
3T 64 ch Small 35 34
Sitel3 3T V2 digital 2018 64 ch Small 31 31
Site14 3T v2 digital 2018 20 ch Large 9 0
64 ch Small 1 0
Sitel5 3T V2 analog (*) 2011 12 ch Large 41 23
3T V1 digital 2009 32ch Large 10 10
Site16 3T V3 analog 2009 8ch Large 36 26
Sitel7 3T V3 digital 2010 16 ch Small 19 17
Site18 3T V3 digital 2009 32ch Large 36 24
Site19 - - - - -
Site20 acquiring 3T clinical scanner (**)
Site21 - - - - -
Site22 acquiring 3T clinical scanner
Site23 acquiring 3T clinical scanner
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mm) for slice 1 and the minimum acceptable length (188 mm) for slice 5
were considered (and vice versa), determining a ratio of 1.02 (or 0.98).
The same procedure has been applied for ACR-small.

For each site, all these QC measures were assessed at each time point
to identify scanners with and without stable longitudinal image quality:
scanners were considered longitudinally not stable if the same test failed
at least at two consecutive time points. Only sites that acquired at least
8-time points were included in the longitudinal analysis presented in this
work.

To create an automated and standardized pipeline for the analysis of
phantom ACR acquisitions for all sites, the advanced services of the
neuGRID platform (https://www.neugrid2.eu) were used. The platform
provides a web-based interface and centralized database for the RIN -
Neuroimaging Network. Once the data from each IRCCS hospital is
transferred to the platform, a QC pipeline is automatically triggered to
run scripts described previously and all metrics are automatically
computed for each MRI scan. QC results are exported to a spreadsheet
and archived along with DICOM images to ensure long-term perfor-
mance reporting. An email summarizing the results of each analysis with
tolerance ranges to evaluate acquisition performance is automatically
sent to the uploader’s mailbox. A detailed manual (https://zenodo.org/r
ecord/6320896) has been distributed to all users of the RIN - Neuro-
imaging Network. It contained detailed instructions on how to acquire
and upload data to the centralized e-infrastructure for data exchange.

Statistical analysis

Statistical analysis was performed using R (https://www.R-project.
org/) [29].

Mean and standard deviation over time were obtained at each site
and for each vendor for geometric accuracy, slice thickness, ellipse ratio,
image intensity uniformity, and ghosting measure. For the high-contrast
spatial resolution test, the obtained data were qualitative ordinal data,
so the mode over time was reported (i.e. ACR-large: 0.8, 0.9, 1 mm; ACR-
small: 0.7, 0.8, 0.9 mm).

To assess the reproducibility between scanners of different vendors
(i.e. inter-site), longitudinal scans within a site (i.e. intra-site), and
before and after a scanner upgrade, absolute error (AE) was determined
as a measure of deviation from the expected value for each measurement
of each QC test, except high-contrast spatial resolution. The expected
values for the standard ACR measurements were the real geometrical
dimension for the lengths (ACR-large = 190 mm, ACR-small = 100 mm),
the ratio between the elliptical areas equal to 1, and the slice thickness
equal to 5 mm, whereas the ideal values for image intensity uniformity
and ghosting were 100 % and 0, respectively. The AE index was
expressed as the difference in absolute value between the mean value for
each site (X site) and the expected values (X expected)- AE was reported as a
percentage value, i.e. the percent absolute error (%AE):

— |5 %
RAE = {x.yile - _xcxpected| 100 / Xexpected

For each measure, the maximum acceptable %AE was calculated
using the tolerance range defined by the ACR recommendations [18,20]
in the formula above

Results

Data were acquired on either or both the ACR phantoms from 18 sites
and 19 scanners (Sitel5 used 2 scanners, one of V1 and one of V2).
However, two sites were excluded from analyses: Site7 was excluded
because it acquired <8-time points, while Site14 was excluded for wrong
acquisitions, due to an error in phantom positioning (Table 1).

In total, 16 sites (17 scanners) of the 18 that performed the QC were
included in the statistical analysis: 11 scanners acquired images on the
ACR- large, 4 scanners acquired images on the ACR- small, and 2
scanners acquired images on both phantoms (Table 1). A total of 477
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scans (312 ACR-large, 165 ACR-small), distributed between vendors,
were included in the statistical evaluation: 65 % V1, 19 % V2, 16 % V3
for ACR-large, and 18 % V1, 72 % V2, 10 % V3 for ACR-small. The
presence of air bubbles and/or the setting of incorrect sequence pa-
rameters and/or incorrect positioning of the phantom led to the exclu-
sion of 19 % of ACR acquisitions from the analysis.

Intra-scanner metrics evaluation

Tables 2 and 3, Supplementary Tables 2 and 3 reports mean value
with relative standard deviation and %AE of all measurements obtained
in the ACR-large and ACR-small for each site and grouped by vendor, for
both Tlw and T2w images.

13 (81.3 %) of the 16 analyzed sites passed all tests on all metrics
calculated using both T1w and T2w scans while 3 sites failed some tests
showing lower values than those expected. Site3 failed the test of ellipse
ratio (0.98 instead of 1) on ACR-large, Site12 failed tests of ellipse ratio
(0.98 instead of 1) and image intensity uniformity (80.88 % instead of
82 %) on ACR-large and slice thickness (4.06 mm instead of 4.30 mm) on
ACR-small, and Site16 failed image intensity uniformity (79.24 %
instead of 82 %) test in ACR-large.

Intra-scanner longitudinal assessment

Longitudinal evaluation of scanner stability was described with %AE
(Tables 2 and 3, Supplementary Tables 2 and 3) for both T1w and T2w
images. T1w and T2w results were similar. As an example, longitudinal
measures obtained from Tlw images of ACR-large are shown in Sup-
plementary Figs. (1 to 6).

As reported in the previous section for intra-scanner ACR measures,
13 of the 16 analyzed sites showed that all measures were in the toler-
ance range over time regardless of the used ACR phantom or image
weighting, demonstrating good longitudinal reproducibility. In these
sites, %AE was: <1 % for in-plane measurements of phantom lengths (i.
e. RL, AP, NG, PG) (Supplementary Figs. 1 and 2), <1.78 % for ellipse
ratio (Supplementary Figure 3), <4 % for slice thickness, <16.5 % for
image intensity uniformity (Supplementary Figure 5), and <0.05 for
ghosting (Supplementary Figure 6). Only the 3 sites that failed tests at a
few time points presented a higher %AE than those expected. In
particular, Site3 and Site12 showed a value close to the lower limit of the
acceptable tolerance range for ellipse ratio test using ACR-large
(Table 2, Supplementary Figure 3), while they passed the test using
ACR-small.

High-contrast spatial resolution results showed that all scanners over
time were able to distinguish two spots at 0.9 mm of distance in ACR-
large and at 0.7 mm of distance in ACR-small, with one failing test at
maximum per site (Table 3). Only Site16, Sitel7, and Sitel8 showed
performance worse than 0.9 mm in more than 5 random time points.

Inter-vendor comparisons

For the ACR-large, the ellipse ratio, which gives us an assessment of
distortions along the slice encoding direction, showed inter-vendor
variability (Fig. 1A, Table 2). In particular, V3 and V2 scanners
showed comparable average ellipse ratios over time but with values
close to 1, or ranging between 0.975 and 1 (with some lower outliers),
respectively. Instead, V1 scanners showed greater variability with
average ellipse ratios varied between 0.960 and 1.012.

Our results for slice thickness measures showed high intra- and inter-
vendor reproducibility in both T1w and T2w acquisitions, as expressed
by the small %AE that were comparable between vendors (T1w: 1.4 %
V1, 2.7 % V2, 0.8 % V3; T2w: 1.0 % V1, 2.0 % V2, 3.8 % V3).

Image intensity uniformity was higher in V1 scanners demonstrating
high values with the smallest %AE (T1w: 10.27 %; T2w: 10.55 %),
averaging over time and inter-scanner, while the greatest variability was
detected in V3 scanners that presented lower image intensity uniformity
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Mean value with relative standard deviation in brackets and %AE of the in-plane length in two slices, ratio between ellipses, and slice thickness calculated in ACR-large
and ACR-small for each site and grouped by vendor for T1w images. Abbreviations: %AE = percent absolute error; RL = right-left; AP = anterior-posterior; NG =

negative gradient; PG = positive gradient; Th = threshold.

Site Vendor  ACR T1-weighted
type RL-slicel AP-slicel RL-slice5 AE AP-slice5 AE NG- PG-slice5 Ellipse AE Slice AE (%)
Length Length Length (%) Length (%) slice5 Length ratio (%) thickness Th =
(mm) (mm) (mm) Th = (mm) Th = Length (mm) Th = (mm) 14 %
2% 2% (mm) 2%

Sitel A2t Large 188.16 188.41 189.78 0.12 189.63 0.20 190.53 190.28 0.99 1.49 5.01 (0.14) 0,16
(0.51) (0.61) (0.42) (0.49) (0.57) (0.63) (0.01)

Site2 V1 Large 188.93 189.13 189.87 0.07 190 0.00 190.6 190.33 0.99 0.94 5.34 (0.77) 6,81
(1.22) (1.06) (0.35) (0.38) (0.63) (0.62) (0.01)

Site3 A2t Large 187.84 188.09 189.91 0.05 189.88 0.07 190.59 190.44 0.98 2.01 5.01 (0.08) 0,23
1.97) (1.96) (0.73) (0.61) (0.71) (0.67) (0.02)

Site4 V1 Large 188.6 188.97 189.71 0.15 189.77 0.12 190.46 190.14 0.99 1.00 5.17 (0.22) 3,34
(1.14) (1.04) (0.86) (0.84) (0.78) (0.88) (0.01)

Site5 \'2! Large 189.25 189.16 190.28 0.15 190.19 0.10 190.84 191.25 0.99 1.08 5.03 (0.38) 0,56
(0.76) (1.42) (0.73) (0.59) (0.63) (0.67) (0.01)

Site6 V1 Large 189.57 189.33 189.73 0.14 190.23 0.12 190.8 191.03 0.99 (0) 0.55 5.01 (0.18) 0,12
(0.52) (0.58) (0.53) 0.7) (0.89) (0.549)

Site8 \'2! Large 188.49 188.86 188.86 0.60 188.51 0.78 189.31 189.26 1 (0.01) 0.01 5.05 (0.15) 1,07
(0.51) (0.43) (0.55) (0.78) (0.83) (0.82)

Sitel5 V1 Large 190 (0) 190.3 190.4 0.21 190.1 0.05 191 (0) 191.5 1(0) 0.10 4.96 (0.24) 0,88

(0.48) (0.52) (0.32) (0.53)

Site9 V2 Large 188.88 189 (1.6) 190.5 0.15 190 (0) 0.00 191.25 190.13 0.99 1.38 5.04 (0.32) 0,78
(0.83) (0.93) (0.71) (0.35) (0.01)

Site12 V2 Large 188.73 188.38 190.46 0.29 190.69 0.34 191.73 191.73 0.98 2.11 4.77 (0.2) 4,69
(2.51) 2.1) (0.71) (0.88) (0.83) (0.6) (0.02)

Sitel5 V2 Large 190.17 189.7 191.35 0.71 191.96 1.03 192.7 191.3 0.98 1.78 4.89 (0.25) 2,11
(1.449) (1.69) (1.03) (0.56) (0.82) (0.76) (0.01)

Site16 V3 Large 190.19 190.35 190.35 0.18 189.96 0.02 190.5 190.96 1(0.01) 0.12 4.79 (1.06) 4,25
(0.49) (0.85) (1.09) (0.53) (0.51) (0.77)

Site1l8 V3 Large 188.67 189.58 189.71 0.15 188.67 0.70 189.83 190.38 1 (0.01) 0.06 5.15 (0.23) 2,98
(0.48) (0.88) (0.91) (0.48) (0.38) (0.65)

All sites - V1 Large 188.85 189.03 189.82 0.14 189.79 0.17 190.52 190.53 0.99 1.01 5.07 (0.27) 1.38
(0.83) (0.95) (0.59) (0.59) (0.63) (0.67) (0.01)

All sites - V2 Large 189.26 189.03 190.77 0.46 190.88 0.61 191.89 191.05 0.98 1.87 4.9 (0.26) 2.70
(1.59) (1.8) (0.89) (0.48) (0.79) (0.57) (0.01)

All sites - V3 Large 189.43 189.96 190.03 0.02 189.31 0.35 190.17 190.67 1 (0.01) 0.03 4.97 (0.64) 0.78
(0.49) (0.86) 1) (0.5) (0.45) (0.71)
RL-slicel AP-slicel RL-slice3 AE AP-slice3 AE NG-slice3 PG-slice3 Ellipse AE Slice AE (%)
Length Length Length (%) Length (%) Length Length ratio (%) thickness Th =
(mm) (mm) (mm) Th = (mm) = (mm) (mm) = (mm) 14 %

2% 2% 2%

Site3 A2t Small 98.85 98.87 99.31 0.69 99.39 0.60 99.8 99.76 0.99 0.97 4.89 (0.18) 2,14
(0.86) (1.03) (0.58) (0.59) (0.58) (0.56) (0.01)

Sitel0 V2 Small 100.74 100.50 100.99 1.00 100.65 0.66 101.31 101.79 0.99 0.40 5.01 (0.08) 0,24
(0.43) (0.62) (0.45) (0.53) (0.35) (0.42) (<0.01)

Sitell V2 Small 100.47 100.33 100.66 0.66 100.55 0.55 101.02 101.54 0.99 0.40 5.16 (0.18) 3,29
(0.27) (0.44) (0.26) (0.65) (0.37) (0.32) (<0.01)

Sitel2 V2 Small 99.63 99.87 99.85 0.15 100.01 0.02 100.36 100.47 0.99 0.37 4.06 (0.57) 18,79
(0.34) (0.52) (0.349) (0.47) (0.31) (0.349) (<0.01)

Sitel3 V2 Small 100.30 100.00 100.34 0.34 99.97 0.02 100.7 100.64 0.99 0.02 5.04 (0.15) 0,86
(0.31) (0.66) (0.31) (0.57) (0.26) (0.25) (<0.01)

Sitel7 V3 Small 99.33 100.18 99.44 0.56 100.18 0.19 99.97 100.47 0.99 0.10 5.11 (0.15) 2,24
(0.15) (0.41) (0.18) (0.27) (0.28) (0.24) (<0.01)

All sites - V2 Small 100 100.14 100.16 0.45 100.2 0.28 100.59 100.84 0.99 0.29 4.81 (0.22) 4.60
(0.12) (0.11) (0.11) (0.13) (0.04) (0.08) (<0.01)

(around 81 %), failing the inferior limit of 82 %, with the highest %AE
(T1w: 18.71 %; T2w: 19.28 %) (Fig. 1B, Table 3). Site15 is equipped with
an MRI-PET scanner that resulted in the V2 scanner with the highest
image intensity uniformity (around 93 %).

Ghosting measures showed high intra- and inter-scanner reproduc-
ibility whatever the vendor.

Pre- and post-upgrade comparisons

Hardware upgrades impacted the amount of geometrical distortions
along the slice encoding direction as demonstrated in the 3 V1 scanners
that upgraded the signal transmission chain from analog to digital.
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Indeed, %AE of ellipse ratio is reduced in all sites ranging from 0.1 %
(Site5) to 1.5 % (Site3) after the upgrade (Fig. 2, Table 4).

Discussion

Our work successfully implemented a harmonized QC procedure for
MRI geometric distortions monitoring across multiple sites, with a
centralized automated data analysis and reporting structure. This
allowed the network to perform a seamless collection and analysis of
phantom data and demonstrated the value of this activity to monitor
MRI data quality across research hospitals. Overall, our data showed
that more than 80 % of the 16 sites that took part in this study, regardless



F. Palesi et al.

Table 3
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Mean value with relative standard deviation in brackets and %AE of the image intensity uniformity and ghosting measure and mode of the high-contrast spatial
resolution calculated in ACR-large and ACR-small for each site and grouped by vendor for both T1w. Abbreviations: %AE = percent absolute error; LR = lower-right;

UL = upper-left; Th = threshold.

Site Vendor ACR type T1-weighted
High-contrast UL (mm) High-contrast LR (mm) Uniformity (%) AE (%) Ghosting AE (%)
Th =18 % Th=25%
Sitel A\t Large 0.90 0.90 89.47 (1.4) 10.53 0.000 0.05
Site2 A% Large 0.90 0.90 90.04 (1.23) 9.96 0.000 0.04
Site3 \21 Large 0.90 0.90 90.2 (1.4) 9.80 0.000 0.03
Site4 V1 Large 0.90 0.90 87.19 (2.9) 12.81 0.000 0.04
Site5 A% Large 0.90 0.90 88.57 (1.29) 11.43 0.000 0.04
Site6 A% Large 0.90 0.90 90.37 (1.78) 9.63 0.001 0.05
Site8 \21 Large 0.90 0.90 92.23 (1.57) 7.77 0.000 0.03
Sitel5 A\t Large 0.90 0.90 91.74 (0.99) 8.26 0.000 0.04
Site9 V2 Large 0.90 0.90 83.93 (5.47) 16.07 0.002 0.18
Site12 V2 Large 0.90 0.90 80.88 (0.79) 19.12 0.000 0.03
Sitel5 V2 Large 0.90 0.90 93.04 (0.66) 6.96 0.001 0.06
Site16 V3 Large 0.90 0.90 79.24 (6.00) 20.76 0.001 0.14
Site18 V3 Large 0.90 0.90 83.51 (1.44) 16.49 0.001 0.07
All sites - V1 Large 0.90 0.90 89.97 (1.57) 10.27 <0.001 0.04
All sites - V2 Large 0.90 0.90 85.95 (2.31) 13.19 0.001 0.07
All sites - V3 Large 0.90 0.90 81.38 (3.72) 18.71 0.001 0.11
Site3 Vi1 Small 0.70 0.70 93.54 (1.49) 6.45 <0.001 0.15
Sitel0 V2 Small 0.70 0.70 96.84 (0.55) 3.16 <0.001 0.10
Sitel1 V2 Small 0.70 0.70 95.17 (1.23) 4.82 <0.001 0.15
Sitel2 V2 Small 0.70 0.70 92.82 (1.46) 7.18 <0.001 0.18
Sitel3 V2 Small 0.70 0.70 96.07 (0.37) 3.92 <0.001 0.11
Sitel7 V3 Small 0.70 0.70 93.7 (0.65) 6.30 <0.001 0.45
All sites - V2 Small 0.70 0.70 94.86 (0.48) 4.74 <0.001 0.13
A B
100
2
£
g 1.00 é
G 5
S 2
o 0% 2 ______________________
© )
i =
®
)
0.92 g 70
V1 V2 V3 V1 V2 V3

Fig. 1. ACR-large: all longitudinal data for each site were grouped according to vendor. On the left, violin plots represent inter-vendor variations of the ratio between
the ellipses in T1-weighted images, which gives us an assessment of distortions along the slice encoding direction (panel A). On the right, violin plots show inter-
vendor variations of uniformity measure (panel B) in T1-weighted images. Green lines represent limits of ACR tolerance ranges. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

of vendor, coil, and signal transmission chain type, passed all QC tests.
The remaining sites failed one or two tests over the 48 months of data
collection, which in some cases required the scanner manufacturer’s
intervention to be rectified. The geometrical measures estimated
through T1- and T2- weighted images were similar, according to the
expected performance [24]. Image intensity uniformity showed an intra-
vendor difference; indeed V3 scanners demonstrated a higher %AE than
V1 scanners. On the other hand, V3 scanners showed the smallest intra-
and inter-scanner variability of geometric measurements along the slice
encoding direction. Scanners that upgraded the signal transmission
chain reported a lower level of geometric distortions along the slice
encoding direction measured with the ellipse ratio in the post-upgrade
compared to pre-upgrade data.

Initially, a benchmarking of possible commercially available phan-
toms [9,17] for assessing scanner performance and their geometric ac-
curacy was performed. The phantoms that were examined were the ACR
phantom [18,20], the International Society for Magnetic Resonance in
Medicine/National Institute of Standards and Technology (ISMRM/
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NIST) MRI system phantom [30], and the ADNI (Alzheimer’s Disease
Neuroimaging Initiative) phantom [16]. The ACR phantom was selected
for its potential, i.e. for the comprehensive set of geometrical tests that
can be performed with it, and for what was perceived to be a better cost-
benefit ratio. However, it is to note that ACR is suitable for evaluating
geometrical accuracy and gradient linearity assessment but it cannot be
used for advanced micro-structural and functional evaluations.

During the protocol set-up and acquisition phase, some critical issues
were detected that should be always taken into account, demonstrating
that ¢qMRI and QC protocols must be carefully acquired by a trained
expert operator in order to provide stable and reproducible results. First,
for a correct geometric estimation, it is crucial that the ACR phantom
does not present any air bubbles larger than 1-1.5 cm, so distilled water
should be periodically refilled as per instructions - this is not always
followed. An equally important factor in determining image distortions
is setting the receiver bandwidth and the reconstruction matrix as
required so that the analysis software works accordingly [24]. To in-
crease the intra- and inter-site reproducibility, an optimal range for the
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Fig. 2. ACR-large: the violin plots show the ratio between the ellipses in the 3
scanners which have upgraded the signal transmission chain from analog to
digital. All longitudinal data of the 3 scanners were included and grouped ac-
cording to pre- and post-upgrade. Abbreviations: pre = pre-upgrade; post =
post-upgrade. Green lines represent limits of ACR tolerance ranges. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

radio frequency acquisition bandwidth parameter was identified to
ensure consistent image quality while limiting distortions, e.g. a lower
bandwidth increases image SNR but also geometric distortions [21,31].
In this framework, it is to note that these parameters must be manually
set for every acquisition on GE scanners - i.e. the scanner does not store
such changes from default values that are possible only using the
“control variable” panel, which is available under a GE research
agreement.

A further key issue is the positioning of the phantom inside the
scanner, which must be performed by an expert operator, properly
trained on the procedure. Indeed, 19 % of the ACR acquisitions were
excluded from the analyses due to the presence of air bubbles and/or
incorrect sequence parameters and/or inaccurate positioning of the
phantom. Interestingly, these acquisitions were from earlier time points
when acquisition compliance was low. The accuracy of the scans
improved considerably by a central reporting of the issues and by the
distribution of a detailed manual, updated during the first few trials as
issues became apparent.

In this multisite study, we introduced a new measure of QC, the el-
lipse ratio between slices 1 and 5 for the ACR-large and slices 1 and 3 for
the ACR-small, which was not included in the ACR recommendations.
This measure allowed us to obtain an estimate of the geometric distor-
tions along the slice encoding direction, in addition to the in-plane
geometric distortions obtained by calculating the length of the ACR
phantom diameter in slice 1 and slice 5 (i.e, for the ACR-large). By doing
so, we were able to determine which sites acquired images with a sig-
nificant deformation along the slice encoding direction and to take
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appropriate corrective measures, such as tuning the scanner gradients
requiring the intervention of the manufacturer. In addition, our results
showed that hardware upgrade impacted the amount of geometric dis-
tortions along the slice encoding direction, with a decrease of the %AE
up to 1.5 %. This is consistent with evidence from a previous study,
whereby variability in geometric accuracy measures decreased
following hardware/software upgrades [23]. In-plane geometric accu-
racy measurements show %AEs of <1 %, consistent with previous
studies, which identified similar variations on 1.5T and 3T scanners
[22,24].

The evaluation of possible BO inhomogeneities is fundamental for
gMRI. In terms of contrast parameters, our results showed that the
ghosting factor was orders of magnitude below the tolerance limit
defined by ACR recommendations for all scanners, according to previous
studies [22,24], whereas image intensity uniformity was more suscep-
tible to intra- and inter-vendor variations, in addition to magnetic field
strength (1.5T vs 3T) [22-24]. In particular, scanner age was affecting
results, where the oldest scanner of the network exhibited the greatest
intra- and inter-site variability, underlining the important progress
introduced both in hardware and software over years. It is to note,
however, that our results regarding inter-vendor variability should be
considered only as a qualitative comparison, as the distribution of
scanner’s age and software versions was not comparable between
vendors.

More than 95 % of the test values obtained with the ACR-small were
in the tolerance range for all time points except for the measurement of
slice thickness for a single site. From data acquired in this study, it
emerges that the ACR-large is more sensitive to geometrical alterations
and hence is more reliable as a QC phantom than the ACR-small. For
example, Site3 performed monitoring over time on both ACR phantoms
with the same coil, demonstrating that QC evaluations performed using
the ACR-large picked up possible alterations in geometric measurements
hence becoming instrumental to implementing corrective actions, while
QC tests on the ACR-small were insensitive to subtle distortions.
Therefore, we recommend that sites with head coils that allow acqui-
sitions with the ACR-large should use this phantom instead of the ACR-
small. Moreover, the ACR-large occupies a more similar space to a
subject’s head inside the coil.

We, therefore, confirm, like previous studies, that the QC measures
most prone to failure are image intensity uniformity and slice thickness
[21-24], and we suggest that the ellipse ratio should be added as an
additional measure to identify the need for gradient calibration.

Some considerations should be noted. The scanners participating in
our study used head coils with different number of channels, whose
source of variation was not considered in the intra- and inter-vendor
evaluation. Moreover, it was not possible to perform with the chosen
ACR phantoms a quantification of the variations of Tl and T2

Pre- and post-upgrade QC evaluations on T1-weighted images. %AE of the geometrical distortions along the slice encoding direction, slice thickness, image in-
tensity uniformity, and ghosting measures calculated in ACR-large and ACR-small for the 3 V1 scanners which have upgraded the signal transmission chain from analog

to digital. Abbreviations: %AE = percent absolute error; Th = threshold.

Weight  Code  Vendor  ACR pre-upgrade post-upgrade
bpe Ellipse ratio Slice thickness Uniformity AE Ghosting AE Ellipse ratio Slice thickness Uniformity AE Ghosting AE
AE (%) Th AE (%) Th = (%) Th=18% (%) Th=25 AE (%) Th AE (%) Th = (%) Th=18% (%) Th=2.5
=2% 14 % % =2% 14 % %
Tl Site3 V1 Large 2.36 0.54 9.58 0.02 0.75 0.86 9.48 0.04
Site4 V1 Large 1.37 3.93 12.47 0.05 0.45 2.44 11.32 0.02
Site5 V1 Large 1.12 0.27 11.51 0.03 1.07 0.83 11.64 0.05
All sites - V1 Large 1.79 1.74 10.99 0.03 0.83 1.07 11.88 0.04
Site3 V1 Small 1.08 2.24 6.85 0.15 0.31 1.55 4.01 0.16
T2 Site3 V1 Large 2.28 0.78 10.59 0.04 0.75 1.29 11.00 0.02
Site4 A%t Large 1.30 0.10 13.33 0.10 0.22 2.61 11.58 0.08
Site5 V1 Large 1.32 0.50 11.41 0.05 1.05 4.30 11.16 0.04
All sites - V1 Large 1.76 0.33 10.52 0.06 0.74 1.68 11.27 0.05
Site3 V1 Small 1.18 3.06 6.81 0.11 0.16 3.95 4.25 0.05
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measurements, which need more expensive dedicated phantoms.
Finally, the automatic ACR software does not include the computation of
SNR, which could be introduced in a further version.

Conclusion

Optimized ACR phantom protocols can be used to identify sites
performing below acceptable image quality, take corrective actions, and
determine intra- and inter-site accuracy levels by monitoring and cor-
recting instrumental variations relevant to gqMRI analysis. In addition,
centralized automated analysis of collected data, with reporting,
allowed each site to independently and timely monitor scanner perfor-
mance over time, reducing operator-related variability. Technical
expertise available at the RIN - Neuroimaging Network supported each
site in understanding the source of specific problems and improved the
quality of its protocols.

The RIN - Neuroimaging Network is the first large neuroimaging
network in Italy and the present work demonstrates that good synergy
among sites can improve the scientific impact of each participating site.
The RIN - Neuroimaging Network is composed of many vendors, different
hardware and software releases, and different types of coils. This
cooperation has allowed us to harmonize the ACR MRI protocols on 3T
scanners and to enhance the original ACR scanning procedure by
reducing potential software and hardware confounding factors that
would impact in vivo qMRI.
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